The presence of molybdenum is required for the activity of several enzymes found in animals, plants, and bacteria, such as sulfite oxidase, xanthine dehydrogenase, nitrate reductase, formate dehydrogenase, and nitrogenase (46) . In these organisms, the molybdenum is present in the molybdoenzymes in the form of a pterin-containing molybdenum cofactor (MoCo), with the exception of that found in nitrogenase, which has an ironmolybdenum cofactor (FeMoCo) (1, 16, 34) .
In Escherichia coli, the successful production of molybdoenzymes relies upon the efficient uptake of molybdate via the molybdate-specific transporter encoded by the modABCD operon (formerly known as the chlD locus) (18, 26, 35, 42) . The E. coli molybdate transport machinery, in which modA encodes a molybdate-specific periplasmic binding protein, modB encodes an integral membrane channel-forming protein, and modC encodes an ATP-binding energizer, closely resembles the established ATP-binding cassette (ABC) transporter motif (15, 26) . Homologous molybdate transport systems have also been described for Azotobacter vinelandii, Rhodobacter capsulatus, and Haemophilus influenzae (9, 23, 45) .
Initial studies of the characterization of mod mutants revealed that strains harboring these mutations were incapable of producing nitrate reductase or formate dehydrogenase activity without molybdate supplementation (11, 14, 27, 36, 39, 41, 43) . There are data to suggest that when mod mutants are grown in molybdate-supplemented media, molybdate enters the cells by means of the sulfate transport system as well as other nonspecific anion transporters (22, 36) . Some of the mod mutants were also analyzed for their molybdate uptake kinetics and were shown to transport molybdate at a much lower rate than mod ϩ strains did (5, 14) . Further investigations of mod mutants have demonstrated that the modABCD operon is regulated by the intracellular concentration of molybdate. Specifically, high levels of molybdate reduced the level of transcription of the transport genes (27, 35, 36 ). This reduction in the level of transcription of the modABCD operon is most likely mediated by a molybdate-activated repressor protein.
An analysis of the modABCD DNA sequence revealed a region in between the transcription and translation start sites of the modA gene which contains an 8-base inverted repeat (TAAC ⅐ GTTA) flanked by two CAT (CA) boxes (26, 35, 36) . There are indications that either the CAT boxes or the inverted repeat or both are involved in the binding of the mod operon repressor (35) . The inverted repeat found in this region is analogous to the inverted-repeat sequences implicated as the target binding sites for both the Met and Trp repressor (MetJ and TrpR) proteins (21, 32, 33) .
In our laboratory, a derivative of strain SE2069 [(modAlacZ)] (36) which derepressed modA transcription in the presence of molybdate was isolated. The complementation of this mutation resulted in the identification of two genes that are located upstream of the modA gene and are transcribed in the opposite orientation relative to modABCD. These genes have been designated modE and modF, as they appear to constitute a two-gene operon. This communication provides the genetic and physiological evidence for the modEF operon as well as biochemical evidence which verifies the presumptive function of modE as the repressor protein that regulates the modABCD operon.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and plasmids. The origins and genotypes of the bacterial strains, phages, and plasmids used in this study are presented in Table 1 . All of the strains are E. coli K-12 derivatives. The techniques used for the plasmid constructions have been described previously (25) . Strain SE1811 was isolated as a spontaneous Lac ϩ derivative of strain SE2069 on lactoseMacConkey-molybdate (1 mM) medium. By using phage P1, the mutation responsible for the derepressed ModA phenotype was shown to cotransduce with (modA-lacZ) at 94%.
Media and growth conditions. Bacterial cultures were grown in Luria broth (LB) supplemented as needed with 0.3% glucose (LBG) and 1 mM sodium molybdate. Growth conditions for cultures used in ␤-galactosidase assays were described previously (36) . Unless otherwise indicated, all cultures were incubated at 37ЊC. When required, ampicillin (100 g/ml), kanamycin (50 g/ml), chloramphenicol (15 g/ml), and tetracycline (15 g/ml) were added to the growth media.
Sequencing of modEF DNA. The modEF DNA was sequenced by the Sanger dideoxy method (13, 38) . The plasmids from which the modEF sequence was determined are presented in Fig. 1 . Primers synthesized by the DNA Synthesis Core Facility of the Interdisciplinary Center for Biotechnology Research at the University of Florida based on the DNA sequence were used in the DNA sequence experiments. The DNA sequence was analyzed by using computer software programs GCG (2, 4, 7) and Genepro (Riverside Scientific, Seattle, Wash.). The DNA sequence is available from GenBank under accession no. U27192. Construction of modE-lacZ fusion plasmids. For ease of later genetic manipulations, a plasmid pUC19-based (modE-lacZ) construct was prepared by first removing the 3.2-kb KpnI-HindIII fragment from plasmid pFGH15 and placing it into the KpnI-HindIII site of pUC19 to yield plasmid pRM12. The 3.2-kb SmaI fragment containing the lacZ gene from plasmid pZ1918 (40) was ligated into the AflII site of plasmid pRM12, which had been previously modified with the Klenow fragment of DNA polymerase I (Klenow), yielding plasmid pRM14. Since a lower-copy-number plasmid was desired for the purpose of monitoring in vivo levels of transcription of modE-lacZ, a 3.2-kb EcoRI-HindIII fragment from plasmid pRM12 was ligated into the EcoRI-HindIII sites of plasmid vector pBR322, resulting in plasmid pRM13. The mod insert in plasmid pRM13 was unstable. The removal of the tet gene as a HindIII-AvaI fragment from plasmid pRM13, yielding plasmid pRM25, resolved this problem. Next, the lacZ gene was placed into the AflII site of plasmid pRM25 by the same method as that used for the construction of plasmid pRM14, thereby creating the (modE-lacZ) plasmid pRM26. The bla and modEЈ-ЈlacZ from plasmid pRM26 were recombined with RZ5 to produce RM26. RM26 was transferred to the chromosome of strain BW545, probably to the att site as previously described (36) . Construction of ModE expression plasmids. Two different modE fusion derivatives were constructed for the purpose of ModE overexpression and purification. The ModE expression plasmid pAG1 was constructed by ligating an 870-bp EspI fragment containing the promoterless modE gene from plasmid pFGH15 ( Fig. 1 ) that had been modified by using the Klenow enzyme into the SmaI site of the ptac-based expression vector, plasmid pTrc99A (Pharmacia Biotech, Piscataway, N.J.). High-level expression of modE was not achieved with this construct; however, this plasmid was later used for mutagenesis experiments. A second modE expression plasmid, pRM22, which was used for the overexpression and purification of ModE was constructed by ligating an EcoRI-HindIII fragment from plasmid pRM12 into the EcoRI-HindIII site of plasmid pT7-7 (Pharmacia).
Construction of a ⌬modE-Km and a modF-Km strain. Strain SE1910 (⌬modE-Km) was constructed by replacing the 570-bp KpnI fragment within the modE gene in plasmid pSE1004 ( Fig. 1) with the KpnI fragment containing the Km r gene from plasmid pUC4K (Pharmacia), resulting in plasmid pRM9. The PvuIIEcoRV fragment from plasmid pRM9 was removed and ligated into the BamHI site of plasmid pMAK705 (12) , which had been modified with Klenow enzyme, to yield plasmid pRM10. The modEЈ-Km region from plasmid pRM10 was recombined into the chromosome of strain BW545, creating strain SE1910. The modF-Km strain was constructed by ligating a 1.3-kb HincII fragment containing the Km r gene from plasmid pUC4K into the BstBI site in the modF gene in plasmid pRM13, which had been modified with Klenow enzyme, to yield plasmid pRM16. A 2.9-kb EcoRV-ScaI fragment from plasmid pRM16 was removed and ligated into the Klenow enzyme-modified BamHI site of plasmid pMAK705, resulting in plasmid pRM17. The modF-Km region of plasmid pRM17 was recombined into the chromosome of strain RK4353, producing strain SE1934.
Construction of a modAB plasmid. A 1.7-kb MscI fragment containing the entire modA gene and the truncated modB gene (modBЈ lacks the C-terminal 10 amino acids) from plasmid pSE1009 (Fig. 1) was ligated into the SmaI site of vector plasmid pUC19, resulting in plasmid pRM1.
Enzyme assays. ␤-Galactosidase activity was assayed by measuring the rate of hydrolysis of o-nitrophenyl-␤-D-galactopyranoside (ONPG) as described by Miller (28) . The activities are expressed as nanomoles of o-nitrophenol produced per minute per milligram of protein. The data presented are the averages for at least three independent experiments which varied by less than 15%. Formate hydrogenlyase (FHL) activity was determined as described previously (36) .
Hydroxylamine mutagenesis of modE. A 7.5-g amount of plasmid pAG1 DNA in 50 l of deionized H 2 O was mixed with 40 l of phosphate-EDTA buffer (0.5 M KPO 4 , pH 6.0; 5 mM EDTA) and 80 l of hydroxylamine-HCl solution, pH 6.0 (0.35 g of NH 2 OH-HCl, 0.56 ml of 4 M NaOH, 4.44 ml of distilled H 2 O) (6). This mixture was incubated at 37ЊC for 18 h. After the incubation period, the hydroxylamine was removed from the DNA by three successive 1:1 phenol extractions followed by a 1:1 chloroform extraction and alcohol precipitation of the DNA. Since the target strain, SE1811, has a lower level of transformation efficiency, the mutated DNA was first transformed into strain RK4353, which has a higher level of transformation efficiency. Total plasmid DNA isolated from strain RK4353 transformants was subsequently transformed into strain SE1811. Transformants were plated on lactose-MacConkey agar with and without 1 mM sodium molybdate. White colonies were picked from media lacking molybdate, and dark red colonies were selected from media containing molybdate. The levels of ␤-galactosidase activity produced by these mutants were determined to confirm the presumptive phenotypes. The entire modE gene sequences for the isolated modE mutants were determined.
Purification of the ModE protein. A 1-liter LB culture of strain BL21-DE3(pRM22) was incubated at 37ЊC with vigorous shaking (250 rpm) until an optical density at 420 nm of 1.0 was reached. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was then added to a final concentration of 0.5 mM, and the culture was incubated for an additional 2 h. The cells were harvested and resuspended in 8 ml of extraction buffer (50 mM Tris-HCl, pH 7.5; 0.5 mM EDTA; 0.5% glycerol; 1 mM dithiothreitol). This cell suspension was passed through a French pressure cell (20,000 lb/in 2 ) twice. The broken cell suspension was centrifuged at 100,000 ϫ g for 60 min. The resultant supernatant was loaded on a 10-ml Q Sepharose fast-flow column (Pharmacia) equilibrated with 50 mM Tris buffer, pH 8. The column was washed with NaCl solution of increasing concentration in a stepwise manner. The ModE protein eluted with 0.2 M NaCl. The buffer was changed to 10 mM phosphate buffer, pH 7, by using an EconoPac-10 DG desalting column (Bio-Rad Laboratories, Hercules, Calif.) prior to loading of the protein sample on a 5-ml heparin column (HiTrap; Pharmacia) equilibrated with 10 mM phosphate buffer, pH 7. Proteins bound to the heparin column were eluted with NaCl solution of increasing concentration. ModE was eluted with 0.2 M NaCl. The ModE protein was concentrated by using a Centricell-20 spin cartridge (Polysciences, Warrington, Pa.) before the buffer was exchanged with 25 mM histidine-HCl buffer, pH 6.2, and the protein was then applied to a 10-ml polybuffer exchanger 94 column (Pharmacia) equilibrated with 25 mM histidineHCl buffer, pH 6.2. The column was washed with polybuffer 74, pH 4.0, and ModE protein was eluted when the pH of the column reached approximately 4.5. The ModE protein buffer was exchanged with 10 mM phosphate buffer-10% glycerol, pH 7, and the final protein concentration of 0.42 mg/ml was obtained. All protein purification steps were conducted at 4ЊC. During the purification process, the ModE protein was monitored by the bicinchoninic acid protein determination assay as well as by electrophoresis in sodium dodecyl sulfate (SDS)-polyacrylamide gels, since the intrinsic properties of ModE did not lend the protein to conventional UV detection at 280 nm or detection by the Bradford assay. The identity of the purified protein as ModE was confirmed by N-terminal amino acid sequencing (Interdisciplinary Center for Biotechnology Research Protein Chemistry Core Laboratory at the University of Florida). The protein yield after each purification step is indicated in Table 2 , and the purity of ModE after each purification procedure is shown in Fig. 2 (10) were performed as outlined below. Two 42-bp oligonucleotides containing the putative repressor binding region, one derived from the operator region of modA (modA-42mer) and the other derived from the 5Ј end of modF (modF-42mer DNA) (Fig. 3) , were synthesized (Anagen, Palo Alto, Calif.). The modA-derived oligonucleotide contained a BstEII site, while an EcoRI site was engineered into the modFderived oligonucleotide. After digestion of the oligonucleotides with the appropriate endonucleases, Klenow enzyme was used to label the DNA with 35 SdATP. Removal of contaminating enzyme and dATP was achieved by phenol extraction and alcohol precipitation of the oligonucleotides. Binding reactions were initiated by mixing the appropriate amounts of labeled DNA and ModE with 10 mM Tris-HCl, pH 7.9-10 mM MgCl 2 -50 mM NaCl-1 mM dithiothreitol-10% glycerol. When appropriate, sodium molybdate was added to a final concentration of 1 mM. The reaction mixtures were incubated at 30ЊC for 30 min prior to being loaded onto a 5% polyacrylamide gel in Tris-borate-EDTA buffer (30) . For certain experiments, 1 mM sodium molybdate was incorporated into the gel and the electrophoresis buffer. The gel was prerun at 100 V, at room temperature, for at least 90 min to stabilize the current prior to loading of the samples. The running buffer was continuously recirculated during the electrophoresis by using a Minipuls II pump (Gilson). After completion of the electrophoresis, the gel was transferred to Whatman filter paper and dried under a vacuum. Autoradiography was used to visualize the resulting oligonucleotideprotein migration patterns. The amount of radioactivity in each band was determined by using a phosphorimager (Molecular Dynamics, Sunnyvale, Calif.).
In vitro transcription-translation experiments. The in vitro transcriptiontranslation experiments using S30 extract and L- [ 35 S]methionine to monitor the expression of modA and modBЈ from plasmid pRM1 in the presence and absence of ModE and 1 mM molybdate were conducted as suggested by the supplier of the S30 extract (Promega, Madison, Wis.). Three micrograms of plasmid pRM1 DNA and, when appropriate, 40 pmol of ModE were included in the S30 reaction mixtures. Proteins in a sample of each S30 reaction mixture (50,000 cpm) were separated in an SDS-15% polyacrylamide gel, and the resultant reaction products were visualized by autoradiography. Quantification of the labelled proteins produced was accomplished by using a phosphorimager.
RESULTS AND DISCUSSION
Evidence for the existence of a regulator of the modABCD operon. When the strain with the modAЈ-ЈlacZ fusion, strain SE2069, was assayed for ␤-galactosidase activity after growth in LBG with or without 1 mM sodium molybdate, a high level of ␤-galactosidase activity was obtained only with cells grown in medium lacking molybdate (Table 3) . Furthermore, introducing plasmids pSE1004 and pSE1009 carrying different regions of the modABCD operon into strain SE2069 resulted in a low level of ␤-galactosidase activity production regardless of whether molybdate was present in the growth medium. Strain SE2069 with the plasmids produced FHL activity, which is in agreement with the Mod ϩ phenotype. These results show that saturating the molybdate pool in the cytoplasm, as determined by the ability to produce FHL activity, leads to repression of the modABCD operon.
Strain SE1811 produced high levels of ␤-galactosidase activity even in the presence of molybdate (Table 3) . When strain SE1811 was transformed with plasmid pSE1009, the resulting strain, SE1811(pSE1009), produced FHL activity, suggesting the restoration of the Mod ϩ phenotype. However, the modAlacZ fusion in strain SE1811 was still derepressed, indicating a lack of a second component, besides molybdate, required for the molybdate-dependent repression of modA-lacZ. Strain SE1811(pSE1004) produced low levels of ␤-galactosidase activity. In light of these findings, it was proposed that a region of DNA present in pSE1004 but not in pSE1009 is responsible for complementation of the second mutation in strain SE1811 for the molybdate-dependent repression of modA-lacZ. To determine if this is indeed the case, a plasmid containing this region of DNA, plasmid pAG1 (Fig. 1) , was constructed and transformed into strain SE1811. The resulting ␤-galactosidase activities produced by strain SE1811(pAG1) indicated that this plasmid restored the molybdate-dependent repression of modA-lacZ. Plasmid pAG1, as expected, did not complement the modA mutation for FHL production. The lower level of ␤-galactosidase activity obtained with the cultures grown in LBG medium could be a consequence of the higher copy number of the repressor gene. modE gene. Sequencing the DNA that was responsible for the restoration of the molybdate-dependent repression of modA-lacZ in strain SE1811 revealed two open reading frames starting 444 bp upstream of the modA translation start site (Fig. 3) . These two open reading frames, denoted modE and modF, are transcribed in the opposite direction in comparison with modA and encode a 262-amino-acid protein (28,200 Da) and a 490-amino-acid protein (53,900 Da), respectively. The expected mass of ModE was in agreement with the value obtained after SDS-PAGE (29,000 Da) (Fig. 2) . Matrix-assisted laser desorption ionization time-of-flight mass spectrophotometry also gave an apparent molecular mass of 28,271 Da for ModE. The translation start site for modE was confirmed by the N-terminal amino acid sequence of purified ModE. The first 12 amino acids, MQAEILLTLKLQ, matched the amino acids predicted on the basis of the DNA sequence of modE.
A search for proteins that bear similarity to the E. coli ModE protein resulted in the detection of four homologs (Fig. 4) . These proteins were identified as ModA from A. vinelandii (35% identity, 45% similarity) (23) (renamed ModE [29] ), ModE from H. influenzae Rd (48% identity, 58% similarity) (9), MopA from R. capsulatus (34% identity, 46% similarity) (45) , and MopII from Clostridium pasteurianum (29% identity, 46% similarity) (17) . A possible helix-turn-helix motif which is a known prokaryotic DNA-binding protein structure motif (31) has been identified for the E. coli ModE, as indicated in Fig. 4 . modF gene. The predicted size of ModF (54 kDa) was also verified by SDS-PAGE of the protein produced after overexpression of ModF by using a ptac system (plasmid pRM23). Although no protein similar to ModF was found during database searches, analysis of the modF gene revealed the presence of an ATP-GTP binding site motif (GSNGSGKS) (Fig. 3) .
To date, the function of ModF has not been elucidated, as deletions in the modF gene do not result in a detectable phenotype for FHL production or modA gene synthesis or activity under the conditions used in this study. Dorrell et al. (8) have described and presented the sequence of a gene involved in photoreactivation (phrA). This DNA sequence resides within the modF gene described in this study. On the basis of the DNA sequence, these investigators proposed that PhrA is a 38-kDa protein involved in photorepair. The facts that a 54-kDa and not a 38-kDa product was found when the modF DNA was expressed in a T7-driven expression system and that expression of a plasmid-borne (modF-lacZ) responds to the presence of molybdate (high levels of modF-lacZ expression are attained under low-molybdate conditions; data not shown) suggest that this segment of DNA codes for the modF gene.
Regulation of modA by ModE. The ModE protein was used in an in vitro transcription-translation experiment with the objective of determining whether expression of the modABCD operon is repressed in the presence of ModE and molybdate. To this end, plasmid pRM1, containing modABЈ was incubated with E. coli S30 extract with and without 1 mM molybdate and 40 pmol of ModE. On the basis of the resultant autoradiogram (Fig. 5 ) and phosphorimager data, it can be concluded that the presence of ModE reduced the production of the 26-kDa ModA protein and the 24-kDa ModBЈ protein by 48 and 65%, respectively (lanes 1 and 2) . With the addition of molybdate, this repression of modABЈ by ModE became even more pronounced (greater than 90% decrease in the production of both ModA and ModBЈ) (Fig. 5, lanes 3 and 4) . The decrease in the levels of ModA and ModBЈ production even in the absence of added molybdate could be due to contaminating molybdate present in the commercial S30 extract. It should be noted that although equal amounts of radioactivity were loaded in all lanes, the sample containing both ModE and molybdate (Fig. 5, lane 4) had less labelled protein than the other lanes. This disparity in amounts of labelled protein is due to the presence in this sample of low-molecular-weight (partially degraded?) protein products which migrated faster than the dye front during electrophoresis. The reduction of modABCD expression in the in vitro transcription-translation reaction mixtures containing ModE shows that ModE is a repressor of the modABCD operon, and this repression is enhanced by molybdate. Furthermore, addition of modA-42mer DNA (Fig. 3) to the reaction mixtures containing molybdate and ModE reversed the repression of modABЈ by ModE. A 50-fold excess of the oligonucleotide (compared with the amount of plasmid pRM1) restored the production of ModA to 66% of the levels for the reaction without ModE (data not shown). Increasing the oligonucleotide concentration to a 100-fold excess completely restored modABЈ production, indicating that the modA operator region oligonucleotide DNA is capable of titrating the ModE protein and relieving repression of transcription through the plasmid-borne modA gene. These results also show that the ModE protein functions as a classical repressor by interacting with the DNA between the transcription and translation start sites of the modABCD operon.
Binding of ModE to target DNA. Since the in vitro transcrip-tion-translation experiments have shown that ModE does act as a repressor of the modABCD operon, it became important to determine directly whether ModE also manifests DNA binding capabilities. The DNA binding capabilities of ModE were demonstrated by using DNA mobility shift experiments (Fig. 6) . Two different oligonucleotides were used in these DNA mobility shift experiments. One of the oligonucleotides was the modA-42mer DNA. This 42-bp DNA carries the inverted repeat and CAT sequences (CA TAAC ⅐ GTTA CATT AA [ Fig. 3 ]) (also see references 26 and 35) . For the purpose of distinguishing whether the inverted repeat or the flanking CAT sequences are required for binding ModE, a second 42-bp-long oligonucleotide derived from the modF gene containing only the TAAC ⅐ GTTA inverted-repeat sequence (Fig. 3 ) (modF-42mer DNA) was also included in the mobility shift experiments.
As the data presented in Fig. 6 indicate, the addition of ModE to both the modA-42mer and the modF-42mer in the presence of 1 mM molybdate caused a distinct shift in the migration of the oligonucleotides (Fig. 6, lanes 2 and 4) , leading to a unique band containing the DNA-protein complex. However, only a small percentage (6%) of modF-42mer was complexed with ModE compared with the percentage for modA-42mer (50%). The difference in the amounts of binding between the two oligonucleotides and ModE must correlate with the differences in the target binding sequences found within the oligonucleotides.
When the mobility shift experiment was performed in the absence of molybdate (Fig. 6, lanes 5 to 8) , a lesser amount of modA-42mer was retarded by binding with ModE and there was no detectable modF-42mer-ModE complex formed. Curiously, in lane 6 of the gel shown in Fig. 6 a second shifted band (upper band) not present in the lane containing molybdate (lane 2) can be observed; this band represented 19% of the complexed oligonucleotide (38% total for both shifted bands combined). The nature of this second band is not known. However, it is possible that this band represents a molybdateindependent complex possibly involving the CAT sequences or a dimer of ModE bound to the DNA. Furthermore, the smear below the DNA-protein complex observed in lane 6 of Fig. 6 suggests that in the absence of added molybdate, ModE and modA-42mer are forming only loose associations which are disrupted during electrophoresis. Thus, the mobility shift experiments demonstrated binding of ModE in the presence of molybdate to the 8-bp inverted repeat (TAAC ⅐ GTTA), with enhanced binding demonstrated for the DNA containing the flanking CA and CATTAA sequences as well.
The requirement of the CATAA sequence for effective repression was also reported by Rech et al. (35) . In those experiments, the putative modABCD operon repressor binding region (CTACATAACGTTACATTAA) was mutated at specific sites (underlined) and the resultant expression of modA-lacZ was determined. Replacement of the C and last two A's of the first CATAA sequence with G, C, and T, respectively, reduced overall expression by twofold compared with wild-type expression but completely eliminated molybdate-induced repression. Singly mutating the C to a G and the second A from the CATAA sequence to a T resulted in partial repression of (modA-lacZ). Mutating bases 5Ј to the first CATAA sequence and bases constituting the second CATTAA sequence did not alter the regulation of modA. From these experiments, it can be surmised that of the two CAT boxes, only the first CATAA sequence is necessary for binding the repressor. However, the data do not resolve whether the ModE binding domain contains only the CATAA sequence or the overlapping 8-bp inverted repeat (underlined) (CATAAC ⅐ GTTA) or both.
Implications of the differential binding of ModE to the two binding sites. The fact that ModE is capable of binding to DNA containing the TAAC ⅐ GTTA inverted repeat which is not flanked by the CAT boxes (modF-42mer DNA), albeit at a much reduced level compared with the binding of the CAT box-flanked inverted repeat (modA-42mer DNA), recommended the analysis of modABCD DNA for the presence of other similar inverted repeats which might serve as potential sites of additional regulation. This search identified two candidate sequences, one positioned 17 bp upstream of the modB (Fig. 3), and lanes 3, 4, 7 , and 8 contain modF-42mer (Fig.  3) . Lanes 2, 4, 6, and 8 contain ModE (80 pmol). Lanes 1 to 4 contain molybdate (1 mM), and lanes 5 to 8 contain no added molybdate. All samples contained 100,000 cpm of DNA. The top arrow indicates the ModE-bound DNA, and the bottom arrow marks the unbound DNA. VOL. 178, 1996 REPRESSION OF E. COLI modABCD OPERON BY ModE 741 translation start site (TAAAC ⅐ GTTA) and another invertedrepeat sequence (AAAC ⅐ GTTT) 199 bp within the modD gene (26) . The presence of the inverted repeat 5Ј to the modB translation start site is of particular interest since ModB is an integral membrane protein and as such must be carefully regulated. Results from the in vitro transcription-translation experiment (Fig. 5) , in which a greater reduction in the production of ModBЈ than of ModA occurred, provides some evidence that there is additional modulation of modB expression, seemingly mediated by ModE. Although the functions of ModD and ModF, and therefore the need for their further regulation by ModE, are unclear, (modF-lacZ) expression levels were higher by approximately fourfold when the cells were grown in low-molybdate-glucose-minimal medium in comparison with levels for cells grown in molybdate-supplemented medium, indicating molybdate-induced repression of modF expression (data not shown). Thus, these data suggest that ModE may exert its regulatory control in one of two ways: (i) transcriptional control by binding to the modA operator target sequence or (ii) additional modulation of expression of other mod genes by binding to the 8-bp inverted repeats. Analysis of ModE mutants. Hydroxylamine, which causes G-to-A transitions, was used to mutate the DNA coding for ModE (plasmid pAG1) in order to identify the critical amino acids responsible for the interaction with DNA and/or molybdate. After mutagenesis, two different mutant phenotypes were identified: partial loss of repression of the modABCD operon in the presence of molybdate and complete repression of the modABCD operon in the absence of molybdate. Strain SE1811 containing these mutant plasmids were assayed for ␤-galactosidase activity, and the results are presented in Fig. 7 .
The partially derepressed ModE mutant (A76V) contains a replacement of alanine at amino acid position 76 with valine. Three mutants isolated as ''superrepressors'' repressed transcription of modA-lacZ even in the absence of molybdate. Two of these mutants harbor the following mutations: threonine at position 125 changed to isoleucine (T125I) and glycine at position 133 replaced by aspartic acid (G133D). In the third mutation (Q216*), the C-terminal 47 amino acids starting from the amino acid at position 216 were deleted.
In the partially derepressed (A76V) ModE mutant, the mutation lies immediately after a stretch of three glycines which are identical in three of the four homologs, the fourth having two of the three glycines (Fig. 4) . Two of the four proteins have alanine at this position, while the other two have threonine. Two of the superrepressor mutants, T125I and G133D, have mutations situated near a 5-amino-acid-long sequence, SARNQ (amino acids 126 to 130), which is conserved among the five homologs, with the exception of R. capsulatus MopA, which has an asparagine in place of alanine and a threonine in place of the glutamine. In fact, the T125I mutation precedes the SARNQ sequence and the threonine is itself conserved among three of the homologs, with serine substituting for threonine in the H. influenzae protein. The G133D mutation lies 2 amino acids further on the C-terminal side of the SARNQ sequence. The glycine also is conserved in four of the proteins. The glutamine which is altered in the third superrepressor mutant (Q216*) is unique to E. coli ModE at this position; however, there are several regions of conserved amino acids in the missing C-terminal end of ModE whose loss contributes to the phenotype of the mutant.
Molybdate binding domain. Given that the SARNQ region is conserved among four of the five homologs and partially conserved in the fifth and that two of the superrepressor mu- Regions of sequence similar to SARNQ have also been found in other proteins that are known to interact with molybdate. For instance, the NarX protein, which functions to activate the regulator protein, NarL, in response to the presence of nitrate and molybdenum, contains the sequence SGRNE (amino acid positions 204 to 208) (19) . Interestingly, specific mutations in the SGRNE region result in the molybdate-independent activation of NarL (19) . Another nitrate sensor protein, NarQ, has the sequence SLRMQ (amino acids positions 48 to 52) (3), which is similar to the general motif. Furthermore, the rat estrogen receptor-hsp90 complex which is stabilized by molybdate (37) contains two sequences which bear similarity to SARNQ, one defined as PATNQ which begins at amino acid position 227 and a second sequence, LDRNQ, starting at amino acid position 415 (24) . The human estrogen receptor also has a similar sequence, LARGQ, located at amino acid positions 190 to 194 (20) . Taken together, these data show that the molybdate binding domain (motif) contains the amino acid sequence SARNQ and in ModE this domain is extended to include additional amino acids [(T/ S)SARNQXXG)].
Regulation of modE. The regulation of modE was investigated by introducing (modE-lacZ) borne on RM26 into various backgrounds and assaying for ␤-galactosidase activity. The results presented in Table 4 indicate that there is little difference in the levels of ␤-galactosidase activity obtained from a wild-type strain, SE1938; a modB mutant strain, SE1952; and a modE mutant strain, SE1942. These results indicate that modE is transcribed constitutively at low levels, which is consistent with its proposed role. A marginal increase in modE-lacZ-dependent ␤-galactosidase activity was observed for the fusion present in the modF mutant, strain SE1940. This suggests that there may be some form of interaction between ModE and ModF, which is not surprising given that they are transcribed from the same operon and that ModE functions as a regulatory protein.
A plasmid-based (modE-lacZ), pRM14, was used to determine the effect of mutations in the global regulators, fnr, arcA, and narL gene products. Similarly, mutations in genes required for molybdate incorporation into molybdopterin, moa, mob, moe, and mog, were analyzed for their effect on modE expression (data not shown). No significant change in modE expression was detected in any of these backgrounds.
Organization of the molybdate-specific transporter genes in several genera of bacteria. Since organisms other than E. coli have been shown to possess molybdate-specific transporters (9, 23, 45) , a comparison of the organizations of the genes coding for the molybdate transport machinery could shed light on the regulation of these genes as well. In E. coli the genes coding for the molybdate-specific transport proteins (modABC) are transcribed in the same direction from a single promoter. The repressor of the modABCD operon encoded by modE is transcribed in the opposite orientation relative to that of the other mod genes, with its translation start site situated 444 bp from the modA translation start site. An 8-bp stem and 6-bp loop structure which may serve to further spatially separate the two operons has been identified and is highlighted in Fig. 3 .
An analysis of the organization of the molybdate transport genes from H. influenzae reveals an organization similar to that found in E. coli (Fig. 8) , where the modABC genes are transcribed in the opposite orientation relative to that of modE. However, there does not appear to be a stem-loop structure between the two genes. It is also of interest that there is a 9-bp sequence, TAAC ⅐ GTTTA, which is located 17 bp (compared with 16 bp in E. coli) upstream of the translation start site of the modA gene in H. influenzae and that this inverted repeat is not flanked by the CA and CATTAA sequences (9) . This sequence is similar to the inverted repeat which serves as the repressor binding site in E. coli except that there is an extra thymine. In the nitrogen-fixing organisms A. vinelandii and R. capsulatus, modE or, in R. capsulatus, mopA is transcribed in the same direction as modA. A search for sites in these two organisms' mod DNAs which are similar to the putative ModE repressor binding site resulted in the detection of only a GATAA sequence upstream of the modA gene in A. vinelandii (23) . No similar sequences were found for R. capsulatus (45) . The differences in the organization and presumably the regulation of the mod genes in E. coli compared with A. vinelandii and R. capsulatus are understandable given that the nitrogen fixation process undertaken by the last two organisms is a molybdate-requiring process.
